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ABSTRACT
SETTLING PERFORMANCE IN WASTEWATER FED HIGH RATE ALGAE PONDS

ELLIOTT BLAKE RIPLEY
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Although high rate algae ponds (HRAPs) are a proven wastewater treatment technology
with numerous environmental, social, and economic benefits, their widespread use has
been hindered by inconsistent and unreliable settling performance. Hence, the goal of
this thesis is to investigate how specific operational parameters affect the settling
performance of HRAPs. Nine HRAPs (30 m2 surface area, 0.3 m depth) were operated as
three triplicate sets, with each set run on either a 2, 3, or 4 day HRT continuously from
January 25, 2012 through April 11, 2013. Settling performance was determined (i) by
measuring the TSS of Imhoff cone supernatant after 2 and 24 hours of settling and (ii) by
measuring the TSS of tube settler effluent. Ponds operating on 2 - 3 day HRTs (loading
rate was 24 - 36 g/m3-day csBOD5 and food to microorganism (F/M) ratio was 0.13 0.21 day-1) were able to settle consistently with residual TSS averaging less than 40 mg/L
after 2 hours of settling time. Tube settlers showed potential as effective harvesting
devices; ponds operating on a 2-day HRT averaged 27.9 ± 9.2 mg/L TSS in tube settler
effluent at an overflow rate (OFR) of 9.4 L/min-m2. Microscopy analysis was performed
and relationships were made between settling performance and algae dominance and floc
structure.
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1.

Introduction

1.1 Algae as a Resource
As the increasing human population continues to push our natural resources to the limit,
the development of sustainable technology is essential to maintaining our high quality of
human life. Water, in particular, is becoming scarce in arid parts of the world, and
California is forecasted to become much drier as greenhouse gas concentrations continue
to increase (Reisner 10). In recent years, the use of water in California has been at the
political forefront due to its scarcity and high demand. Californians used almost 46
billion gallons of water per day in 2005, with over 53% being used for agriculture (Kenny
et al., 2009). Furthermore, almost 20% of California's energy is used transporting and
treating water, with the vast majority of wastewater being discharged rather than reused
(CEC).
These statistics represent a substantial opportunity to use land and water more efficiently.
For instance, land-based crop productivities are less than 0.1 g/m2-day, while microalgae
from pond systems produce high carbon and high protein biomass at productivities of 10
- 20 g/m2-day (Oswald 1995). Additionally, algal oil and protein productivities are 10 20 times greater than that of U.S. soybean production and 5 - 10 times greater than
conventional irrigated crops, such as corn (Brune et al., 2009). Consequently, using pond
systems to produce algae-based biofuel will significantly reduce the land and energy
requirements of biofuel production. And still, all of this can be accomplished while
treating wastewater (Oswald 1995).
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1.2 Algae in Wastewater Treatment
The application of microalgae to wastewater treatment has significant economic and
environmental benefits. The ability of algae to harness the sun's energy for use as a
sustainable treatment technology was first studied by Dr. William J. Oswald in the 1950's
at the University of California (Oswald 1953). During this time, Dr. Oswald and his
colleagues began to use high rate algae ponds (HRAPs) to simultaneously treat
wastewater and produce algae for biofuel (Figure 1.1) (Craggs et al., 2012, Oswald and
Golueke 1960). HRAPs are different from conventional oxidation ponds because they
are generally more shallow (0.2 - 1 m), are mixed by a paddlewheel, and can successfully
operate at high loading rates and short hydraulic residence times (HRTs).
As mentioned previously, microalgae produced in HRAPs have enormous potential to
remove contaminants while producing valuable side products. Consequently, HRAPs
have been used internationally for the treatment of a wide amount of organic wastes
(Craggs et al., 2011). Furthermore, a significant amount of research has been done on a
vast array of potential uses for the microalgae. These include municipal wastewater
treatment, organic fertilizer production, clean energy production (eg. biofuel),
greenhouse gas abatement, and animal feeds (Benemann 2003). Therefore, wastewater
treatment combined with renewable resource production is the most economically
advantageous use for microalgae (Park et al., 2011). Harvested algal biomass can be
converted to biogas, biodiesel, ethanol, or hydrocarbon gases, all of which have potential
to provide economic gain (Park et al., 2010, Craggs et al., 2012). When compared to
HRAPs used for commercial algae production, wastewater treatment HRAPs provide a
substantial source of energy and cost savings due to natural oxygenation provided by the
2

algae (Figure 1.2) (Oswald et al., 1953). This is because energy costs associated with
mechanical aeration and other energy-intensive methods of wastewater treatment can be
offset by using HRAPs (Park et al., 2011).

Figure 1.1: Schematic cross section of a high rate algae pond (HRAP). Source: Craggs, 2012.

Figure 1.2: Symbiotic Relationship between algae and bacteria. Algal oxygenation replaces the
need for mechanical aeration in wastewater treatment. Source: Gutzeit et al., 2005, after
Oswald, 1953.

3

2.

Background

This section will provide a review of the major scientific research and literature related
to the settling performance of high rate algae ponds. The problem statement of this
thesis is section 2.9.
2.1 Significance and Mechanisms of Bioflocculation
While the potential uses and economic benefits of using algae for wastewater treatment
and renewable resource production have been well established, an economically feasible
and reliable method of harvesting microalgae has not yet been developed. Various
processes, such as chemical flocculation, filtration, or centrifugation have been used for
biomass separation in commercial algae production (Gutzeit et al., 2005). Although
these processes are very effective, their high capital and operational costs and have
limited the widespread application of HRAPs to wastewater treatment (Van Den Hende
et al., 2011). In particular, flocculation and filtration are energy-intensive and chemical
flocculation contaminates the algal biomass (Lee et al., 2009).
The most economical and energy efficient solution to this problem is a phenomenon
called bioflocculation, or the natural aggregation of biomass into readily settleable
aggregates, or flocs. The ability of bacteria and algae to naturally flocculate and settle
allows for the separation of organic carbon and nutrients from the wastewater at minimal
chemical and energy inputs (Gutzeit et al., 2005). There has been a fair amount of
research on the causes of bioflocculation, but the results have been inconsistent and a
uniform mechanism has not been established (Pavoni et al.1972, Liao et al, 2000).
Causes of bioflocculation have been attributed to the the physiological state of the
4

biomass, interaction of interparticle forces (eg. surface charge and hydrophobicity), the
presence of readily-settleable algae species, the lack of available nutrients, and the
amount and type of extracellular polymeric substances (EPS) (Pavoni et al.1972,
Nurdogan 1988, Liao et al. 2000, Salim et al. 2011, Craggs et al. 2012).

2.2 EPS, Surface Properties, and Bioflocculation
Many studies have linked bioflocculation to the changes in surface charge brought about
by the presence of EPS. Both algae and bacteria produce EPS that help microalgae
naturally flocculate (Nurdogan 1988, Shipin et al., 1999, Lee et al., 2009). EPS consists
of mostly proteins, polysaccharides, small amounts of nucleic acids, and is polymeric in
structure (Nurdogan 1988). Its function as a cationic polymer serves as a bridging
mechanism between algae cells; thus, EPS has a significant effect on surface properties
and, consequently, bioflocculation (Salim et al. 2011).
Liao et al. (2001) performed a comprehensive study of the role surface properties have
on the flocculation of wastewater activated sludge. It was concluded that good
settleability is strongly correlated with the physicochemical properties of sludge. This
includes hydrophobicity, which can result in the aggregation of individual hydrophobic
particles into larger structures (Chandler 2005). Lower effluent suspended solids were
measured in sludge with higher contact angles (higher hydrophobicity) and stronger
surface charges (Liao et al., 2001). Additionally, it was found that the concentration of
EPS in the sludge had no effect on settling; rather, the type of EPS as indicated by the
physicochemical properties is the most important indicator of bioflocculation (Liao et
5

al., 2001). Medina and Neis (2006) mixed wastewater activated sludge with the
unicellular Chlorella vulgaris microalgae and measured how the surface properties of the
sludge influenced the incorporation of algae into the floc structure. It was concluded
that Chlorella vulgaris favored incorporation into hydrophobic sludge over hydrophilic
sludge.
Sponza (2003) performed a comprehensive study that found a relationship between the
composition of activated sludge EPS and the type of wastewater used as substrate.
Winery, municipal, pulp-paper, textile, and petrochemical activated sludge samples were
used, and the protein, carbohydrate, and nucleic acid concentrations of the EPS were
measured. The municipal activated sludge samples showed a high concentration of
protein and a low concentration of nucleic acids in the EPS. This occurs when a
relatively high amount of soluble, biodegradable chemical oxygen demand (COD) is
present in the water compared to inert COD (Sponza 2003). Moreover, it was found that
high protein content in the EPS causes the sludge to exhibit strong negative surface
charge and hydrophobicity, which were correlated with a lower sludge volume index
(good settleability). Thus, the author of this study concluded that the settleability was
contingent upon floc surface properties, which are primarily determined by the
wastewater composition.
Badireddy et al. (2010) also found that a high protein concentration in the EPS, which is
characteristic of the stationary growth phase, contributes to bioflocculation. During the
stationary growth phase, polymeric interactions overwhelmed electrostatic interactions
between cells (flocculation), while the EPS measured high in protein secondary
6

structures. This differed from the exponential growth phase, during which the EPS was
acidic in nature, low in concentration, and exhibited reduced polymer bridging. These
results are consistent with Liao et al. (2002) and Sponza (2003), who suggest
bioflocculation is dependent on the surface charge. Additionally, it agrees with Pavoni
et al. (1972) in that the best flocculation occurs after the exponential growth phase.
Badireddy et al. (2010) also used scanning electron microscopy to provide visual data of
various types of bacteria embedded within an EPS matrix (Figure 2.1). Lastly, Salim et
al. (2011) describes two mechanisms by which EPS binds and connects algae cells.
Both occur by creating positive charges on cell surfaces that attract the negative charges
of other cells (Figure 2.2).
Some research has found other causes of bioflocculation to be more significant than
surface charge. First, nitrogen limitation has been found to increase EPS concentration,
leading to better bioflocculation (Craggs et al., 2012). This can occur at low loading
rates or high pH (Nurdogan 1988). Second, one of the first studies on the relationship
between bioflocculation and EPS, Pavoni et al. (1972), found that surface charge is not
the predominant cause of bioflocculation. Rather, the concentration of EPS was found
to be the most important factor. Bioflocculation was strongly correlated with EPS
accumulation, and the corresponding relationship between flocculation and polymer-tomicroorganism ratio suggest surface coverage may be the primary mechanism of
agglutination. Additionally, the authors found that the highest EPS concentration and
best settling occur after the exponential growth phase. This suggests that the SRT and
HRT could be useful parameters in controlling the EPS concentration.

7

Figure 2.1: Scanning Electron Microscopy (SEM) image of activated sludge floc. Cocci, rod-shaped,
and filamentous bacteria embedded within the EPS matrix of an activated sludge floc. Source:
Badireddy et al., 2010.

Figure 2.2: Bridging and patching of microalgal cell binding, as proposed in
Salim et al., 2011.
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2.3 Retention Times and Bioflocculation
Parameters related to retention time have been shown to affect bioflocculation in a
variety of ways. Studies on activated sludge show that better settling occurs after the
exponential growth phase, either due to amount (Pavoni et al, 1972) or type (Chao and
Keinath, 1979, Liao et al., 2001, Sponza, 2003, Badireddy et al., 2010) of EPS.
However, Tenney et al. (1969) specifies that although the increased amount of
microbially produced EPS promotes bioflocculation, too much EPS could act as a
protective colloid and hinder flocculation, specifically at high SRTs.
Medina and Neis (2007) subjected mixed algae-bacteria cultures to varying HRTs and
food-to-microorganism (F/M) ratios. It was found that varying F/M ratios did not
significantly affect settleability. However, short HRTs (2.7 days) increased algal
productivity and decreased the sludge volume indx (SVI), indicating better settling.
Nurdogan (1988) concluded that retention time and sewage strength are important for
determining which algal species will dominate. Short HRTs and low strength sewage
promotes the growth of Micratinium sp., which is colony forming and is known to settle
well (Nurdogan 1988). High strength sewage and short HRTs promote Chlorella sp.,
which is known to naturally remain in suspension, during periods of high light intensity.
It is mentioned that organic loading itself does not determine species dominance; rather,
other interrelated parameters such as cell residence time, temperature, and predation are
more influential.
Liao et al. (2002) proposed a model of floc structure that depends on SRT. In this
model, van der Waals forces and hydrophobicity are important at low SRTs because
9

they overcome the initial repulsive forces of the cell surfaces. At higher SRTs, the
sludge flocs are stabilized through ionic interactions and hydrogen bonding (Figure 2.3).
Both Liao et al. (2001) and Liao et al. (2002) emphasize that HRT and solids residence
time (SRT) are important in determining surface properties of activated sludge flocs, and
thus are important parameters in determining bioflocculation.

Figure 2.3: Two layer sludge floc model as proposed by Liao et al., 2002. The floc is less compact
in during low SRTs than in higher SRTs. Source: Liao et al., 2002.

2.4 Algae Recycling, Species Dominance, and Settling
Weissman and Benneman (1979) studied a multiplicity of effects that recycling biomass
can have on a biological reactor, including nutrient uptake, limiting nutrients, dilution
rates, and hydraulic and cell retention times. It was concluded that recycling settled
biomass is important in selecting for organisms that settle well.
Park et al. (2011) continued this research by studying the sludge recycling of algae in
mixed-culture HRAPs. By reintroducing the most readily settleable algae into the
ponds, settling efficiency of HRAP effluent increased from 60% to 90%. Additionally,
10

Pediastrum sp., a known colony-forming and readily settleable algae genera, was
dominant in the ponds receiving recycled algae over the entire year of study. It was
postulated that the dominance of Pediastrum sp. and the composition of the remaining
algae both influenced settling performance. This study highlights the influence that
species dominance has on settleability and the potential for using algae sludge recycling
to promote stable settling performance.
In addition to describing the bridging and patching mechanisms of flocculation (Figure
2.2), Salim et al. (2011) proposed combining naturally flocculating algae with nonflocculating microalgae in order to improve overall settling. Ankistrodesmus falcatus,
which naturally forms colonies, entrapped the Chlorella vulgaris cells within its floc
matrix (Figure 2.4). The authors described the improvement in settling as comparable to
other studies that used chemical flocculants.

Figure 2.4: Proposed mechanisms of settling using naturally flocculating algae as a
bio-flocculant. Source: Salim et al., 2011.
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2.5 Activated Sludge Incorporation into Algae Flocs
Mixing activated sludge with algae has been studied intensively at the University of
Hamburg, Germany (Gutzeit et al., 2002, Gutzeit et al., 2004, Gutzeit et al., 2005,
Medina and Neis, 2006). Both Medina and Neis (2006) and Medina and Neis (2007)
used similar mixed cultures of activated sludge bacteria and Chlorella vulgaris to study
surface charge characteristics. Both studies were successfully able to incorporate algae
into the bacterial flocs (Figure 2.5). Gutzeit et al. (2005) sustained a mix liquor
suspended solids concentration of 1000 - 1500 mg/L without aerating (oxygen was
provided by algae) and was able to achieve a supernatant concentration of 18 mg/L TSS
after only 10 minutes of settling. Additionally, it was found that algae-bacteria flocs
reduce pathogens by adsorption, high pH, or excretion of antibiotic substances (Gutzeit
et al., 2002). More specifically, activated sludge effluent reduced the concentration of
E. coli by 43%, whereas effluent of the algae-bacterial biomass displayed 99% removal
of E. coli (Gutzeit et al., 2002). In a later study, optimal conditions for forming
settleable flocs were determined to be a 2 day HRT, 20-25 day sludge age, a reactor
depth of 0.3 - 0.5 m, and a biomass TSS of 1- 1.5 g/L (Gutzeit et al., 2004).
Van Den Hende (2011) also used mixed algae-bacteria cultures to study settleability and
waste treatment. Additionally, the researchers used flue gas from a coal-fired power
plant to increase productivity and fix inorganic carbon. The wastewater was treated to
European discharge standards at productivities reaching 0.18 g/L-day and a HRT of only
0.67 days. Additionally, algae-bacteria flocs settled to a sludge thickness of 19 g/L
volatile suspended solids (VSS).

12

Figure 2.5: Microscopic images of algae-bacteria flocs. (a) Scanning Electron Microscope
image of the surface of a floc. (b) Light microscope, floc diameter is 0.5 mm. Source: Gutzeit
et al., 2004.

2.6 Settleability of Diatoms
The settling characteristic of diatoms will be relevant to this thesis because diatom
blooms were observed in the HRAPs. Diatoms are a group of algae that are brown in
color and have cell walls made of silicon dioxide (Hoff and Snell 17.) In marine
environments, they bloom seasonally and naturally form aggregates, settling as marine
snow (Alldredge 1988a). This vertical migration is thought to be a major mechanism of
transporting carbon to pelagic and benthic zones of the ocean (Alldredge 1988b).
Additionally, aggregation can coincide with seasonal blooms, perhaps suggesting that
settling serves as a transport mechanism away from warm, nutrient deplete waters to
dark, cold water where cells can hibernate until resuspension (Alldredge 1988b).
Settling velocity can also change depending on physiological state; Konno (1993)
concluded that slender-type diatoms settle faster in the endogeny (death) phase than in
the exponential growth phase.
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2.7 Tube Settling of Algae
The standard use of upflow clarifiers in water and wastewater treatment is not practical
for the sedimentation of algae flocs because settling distances and overflow rates (OFR)
are too high for practical algae separation (Nurdogan 1988). Consequently, tube settlers
have been proposed as a viable separation technology by Nurdogan and Oswald (1996)
because they can operate at much higher OFRs due to small settling distances. Floc or
colony forming algae has achieved 80% removal efficiency, while an upflow clarifier
run as a control obtained just 18% removal in the same study (Nurdogan and Oswal,
1996).
2.8 Purpose of This Thesis
Although there is a wealth of knowledge about the parameters affecting bioflocculation
in both bacteria and algae-bacteria cultures, there is limited information about how
parameters such as HRT affect the settling performance of pilot-scale, wastewater-fed
polyculture HRAPs. This thesis will present the results of a 15 month study related to
the settleability of such HRAPs under three different HRTs and organic loading rates.
Specifically, the following relationships will be studied:
1. How do different HRTs, organic loading rates, and F/M ratios affect settling
performance?
2. How do different HRTs, organic loading rates, and F/M ratios affect dominant algae
genera and floc structure?
3. Are Imhoff cones representative of continuous flow tube settlers?
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3.

Methods and Materials

This section will detail the layout, operation, and process flow of the Algae Field Station
(AFS) pilot plant. Additionally, sampling procedures and applicable water quality
analyses will be discussed.
3.1 Algae Field Station: Layout
The AFS is located at the San Luis Obispo Water Reclamation Facility (SLOWRF) in
San Luis Obispo, CA (Figure 3.1). The SLOWRF is a municipal, activated sludge
treatment plant and operates on a design flow of 5.2 MGD. The AFS is situated adjacent
to one of two primary clarifiers and consists of nine high rate algae ponds (HRAPs)
arranged as three sets of triplicates.

Figure 3.1: Aerial image of the SLO WRF. The AFS is located adjacent to the primary clarifiers.
Source: Google Earth.
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3.2 Algae Field Station: Process Flow and Operation
This section will describe the process flow and operation of the AFS.
3.2.1 Nomenclature
The three triplicate sets are referred to as the Alpha, Beta, and Gamma sets. Alpha set
contains Ponds 1, 2, and 3; Beta set consists of Ponds 4, 5, and 6; Gamma set consists of
Ponds 7, 8, and 9.
3.2.2 Process Flow
Figure 3.2 shows the AFS process flow from January 25, 2012 (initial startup) through
June 1, 2012. During this time, all ponds were operated in parallel. Beginning on June 1,
2012, the Beta and Alpha sets operated in series, with the Alpha set following the Beta
set (Figure 3.3).

Figure 3.2: Process flow diagram of the AFS beginning on January 25, 2012 through June 1,
2012.
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Figure 3.3: Process flow diagram of the AFS beginning on June 1, 2013 and operating until the
end of study.
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Initially, water was drawn from 0.3 m below the surface of the clarifier near the
peripheral weir. The water was diverted using a continuously operated sump pump that
delivered approximately 15 gpm to the AFS site (Figure 3.4). Upon entering the AFS,
the influent line was split into three and delivered flow to each of the three headtanks
(Figure 3.5). A continuously rotating water wheel subsequently delivered the water to a
gravity-flow distribution system, which then delivered water to each pond (Figure 3.5).
The ponds were mixed by 6-blade paddlewheels, which induced a current of
approximately 27 cm/s (Figure 3.6, Table 3.1). Water was pumped out of the ponds
using peristaltic pumps (0.5" tube diameter, Cole Parmer, Vernon Hills, IL) and into tube
settlers at the flow rates listed in Table 3.1 (Figure 3.7).

Figure 3.4: Influent pump at primary clarifier weir.
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Figure 3.5: Influent distribution system. A rotating water wheel
delivered influent to distribution pipes before it flowed into the
ponds.

Figure 3.6: The paddle wheels continuously mixed each pond,
creating an artificial flow.

19

Figure 3.7: Front view of tube settlers. Influent lines
are can be seen at the front of each unit. Sludge is
manually extracted from the bottom, while effluent
flows continuously from the top.

Standpipes in each (4" diameter, 12" tall, PVC) drained the overflow (Figure 3.8). This
effluent, along with standpipe effluent, drained to a sump. From there, flow was pumped
back to the primary clarifier weir (Figure 3.9, Figure 3.10).

Figure 3.8: Distribution pipes, standpipe, and probe stand. Black tube is tube settler influent line.
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Figure 3.9: The sump collected all effluent before pumping back to
the primary clarifier weir. Pumping is intermittent and controlled
by a float switch.

Figure 3.10: The primary clarifier weir received the AFS effluent.

21

3.2.3 Operation
Each triplicate set was connected with one corresponding pump house. The pump house
contained the sample refrigerator, variable frequency drives (VFDs) for the paddlewheel
and waterwheel, interface modules for the pH, temperature, and dissolved oxygen probes,
and peristaltic pump heads and controls for the composite samplers and tube settler
pumps (Figure 3.11).

Figure 3.11: The pump house contained the fridge, VFDs, peristaltic
pumps, and probe modules (located just in front of the VFDs.)

Measurements of pH, dissolved oxygen, and temperature were taken continuously at 1hour intervals using Neptune Systems Apex AquaControllers and software to store and
view the data (Figure 3.12). The pH, temperature, and dissolved oxygen probes (Neptune
Systems, Morgan Hill, CA) were situated on a probe stand located at the head of each
pond. Intake tubes to the tube settlers and composite samplers were also located on the
probe stand (Figure 3.8).
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Figure 3.12: Neptune Systems AquaControllers displayed the pH,
temperature, and dissolved oxygen data. They were also connected
with a computer data logger.

The Alpha triplicate set was sparged with carbon dioxide in order to maintain a pH
between 8.50 and 8.55. The CO2 was supplied by 50 pound pressurized tanks (99.5%
purity, 750 psi) (Figure 3.13). The dosing of CO2 was facilitated by automatic solenoid
valves that open and close depending on pond pH (Figure 3.14).

Figure 3.13: Pressurized CO2 tanks (50 lb, 750 psi, 99.5% purity.
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Figure 3.14: CO2 solenoid valves open and close automatically to
control pond pH.

3.3 Pond Specifications
The depth, surface area, and channel velocity were designed to be identical for all ponds
(channel velocity varied slightly), while the influent flow, tube settler flow, and HRT
differed between triplicate sets (Table 3.1).
Table 3.1: Relevant HRAP sizing and operational specifications.
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3.4 Tube Settler Specifications
The tube settlers were operated according to the specifications in Table 3.2. They were
operated at a 60⁰ angle of repose with a settling distance of 6 inches in the tubes (tube
were 3 inch diameter PVC). Beta set operated at a high flow rate in order to maintain a
4-day HRT in the Alpha set (ponds operated in series). Tube settler influent and effluent
was operated continuously. The sludge Figure 3.15was extracted manually four times per
week, and each tube settler was drained and cleaned once per week. The Alpha and
Gamma tube settler effluent flowed back to the primary clarifier, while the Beta tube
settler effluent flowed into the Alpha set.

Table 3.2: Relevant tube settler sizing and operational specifications.

Figure 3.15: Photographs of Pond 4 samples in beakers. Left to right: influent to Pond 4, pond
water, tube settler sludge, tube settler effluent. Image taken July 8, 2012.

25

3.5 Regular Operations and Maintenance
In order to maintain reliable performance of the AFS, various operations and
maintenance procedures were performed on a daily or weekly basis. These operations
included the cleaning of tube settlers, cleaning and calibrating probes, regular pump
maintenance, flow measurements, monitoring CO2 aeration, and photographing pond
water samples. For further details on these operational methods, refer to Rodrigues, M.N.
(2013).
3.6 Water Quality Sampling and Analysis
This section will detail the sampling and analysis procedures used in this thesis.
3.6.1 Sampling and Analysis Procedure
Composite samples were collected over a 24-hour period using peristaltic pumps.
Samples were initiated between 7:00 and 8:00 am on Tuesday mornings and collected
between 7:00 and 8:00 am on Wednesday mornings. Approximately 75 mL of sample
were drawn at regular intervals of 30 minutes into 1-gallon jugs that were stored in a
small refrigerator during the sampling period (Figure 3.11). Samples were then
transported to the Cal Poly campus in large coolers, and the first laboratory analyses were
begun at 8:00 am. Until March 6, 2013, all laboratory analyses were performed on these
composite samples with the exception of microscopy analysis, which was performed on
grab samples throughout the week. Beginning on March 6, 2013, grab samples were
regularly performed in lieu of composite samples because of the discovery of an
inconsistency in the composite sampling method (Appendix A). There was a multitude
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of other analyses performed in addition to what is listed in this section, but these were
outside the scope of this report (see Rodrigues (2013) for nutrient analyses).
Water quality analyses were performed by undergraduate students under the supervision
of graduate students. In order to ensure reliable results, each test involved quality control
analysis including standard checks, blanks, and duplicates. Samples that failed quality
control were either reanalyzed or omitted from the dataset.

Table 3.3: Weekly sample schedule and sample type.

Analysis

Sample Type

Locations

Measurement

Total Suspended
Solids

Composite

Ponds 1-9; Tube
Settlers 2 and 5;
Influent Head
Tank

Weekly

Total Suspended
Solids

Grab

Tube Settlers 1, 3,
4, 6, 7, 8, 9

Weekly

Composite

Ponds 1 - 9;
Influent Head
Tank

Weekly

2 Hr Total
Composite, 2 hrs
Suspended Solids
settled

Ponds 1 - 9

Weekly

24 Hr Total
Composite, 24 hrs
Suspended Solids
settled

Ponds 1 - 9

Weekly

Volatile
Suspended Solids

Biochemical
Oxygen Demand*

Composite,
filtered

Ponds 1 - 9;
Influent Head
Tank

Weekly

Microscopy

Grab

Ponds 1 - 9

Weekly

*Various forms of BOD were measured. See section 3.6.4 for more detail.
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3.6.2 Total and Volatile Suspended Solids
Total suspended solids (TSS) and volatile suspended solids (VSS) were performed in
accordance with APHA Methods 2540 D and E, respectively. Before use, filters were
washed and ashed before being stored in a dessicator for up to one week. Desiccant was
rejuvenated by oven drying at 218⁰ C for one hour. Filters were Fisher Scientific G4
glass fiber filters with a nominal pore diameter of 1.2 µm. Split samples were performed
on the TSS and VSS analysis of Ponds 1 - 9 and averaged. Additionally, standard checks
were performed during most sampling events.
Initial TSS refers to the TSS of the pond water, 2-hour TSS refers to the TSS of the
Imhoff cone supernatant after two hours of settling, 24-hour TSS refers to the TSS of the
Imhoff cone supernatant after 24 hours of settling, and tube settler TSS refers to the TSS
of tube settler effluent.
Note: Due to sampling inaccuracies inherent to the composite sampling technique, all initial TSS
values are estimates based on photographs of beakers of pond water. This does not include the 2hour, 24-hour, and tube settler TSS, which were determined to be accurate measurements
(Appendix B).

3.6.3 Settling Tests
Settling tests included the 2-hour, 24-hour, and tube settler TSS. The 2-hour and 24-hour
tests involved pouring well-mixed composite samples into Imhoff cones. After both 2
and 24 hours of settling, 150 mL of supernatant was collected with a pipette from
approximately one inch below the surface of the water. Tube settler samples were drawn
28

directly from the tube settler effluent pipe. TSS was subsequently performed on all
samples. In instances when there was a layer of floating filamentous algae in the Imhoff
cones, the pipette was inserted below the floating layer to sample. When filaments were
noticeably dense, a fine screen was used to filter out the filaments. This was performed
under the assumption that a full-scale clarifier or tube settler would have an effluent weir
to separate surface scum. The Imhoff cones were used because they are the standard
device for measuring settleable solids in the wastewater industry (APHA Method 2540
F). Photographs were taken of the Imhoff cones each week within 9 hours of being
poured (Figure 3.16).

Figure 3.16: Imhoff cone image of Ponds 4, 5, and 6, left to right. Image take Sept 5, 2012.
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3.6.4 Biochemical Oxygen Demand
Five-day biochemical oxygen demand (BOD5) was measured on composite influent and
pond samples in accordance with APHA Methods 5210 A and B. Total BOD5 was
determined for the influent composite samples, and carbonaceous-soluble (csBOD5) was
determined for both the influent and the pond samples. All samples for csBOD5 were
filtered through Fisher Scientific G4 glass fiber filters with a nominal pore size of 1.2
µm. Additionally, Hach Nitrification Inhibitor was used for all csBOD5 samples. A YSI
Inc Model 58 dissolved oxygen meter was used to measure dissolved oxygen. The
instrument was manually calibrated before each use using temperature and pressure. The
local atmospheric pressure was provided by the website www.wundergound.com and the
room temperature was provided by using the thermometer feature of the YSI probe.
Standard checks, split samples, and dilutions water blanks were performed each analysis.
3.6.5 Microscopy Analysis
Microscopy observations were performed each week on grab samples and used Olympus
Model CX41RF phase contrast microscopes and Infinity 2-1C cameras with Infinity
Analyze 2.0 software. Before each use, cameras were calibrated using a hemacytometer.
There were two principal purposes for microscopy analysis. The first was to observe the
algae under 100x magnification to analyze floc characteristics, such as algae-bacteria
presence, protozoa presence, and floc density. Initially, the algae to bacteria ratio was
qualitatively observed and recorded by comparing the relative amounts of green and
brown color. However, this proved to be inaccurate because of the presence of diatoms,
which are brown like the bacteria. Thus, the algae-to-bacteria ratio was discontinued.
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The second purpose of the microscopy analysis was to observe algae under 1000x
magnification and identify the present genera. This data was recorded on a weekly
spreadsheet and species dominance and presence was recorded. Species had to show
signs of a significant bloom in order to be considered dominant.
3.7 Weather Data
Weather data were obtained from the California Irrigation Management Information
System (CIMIS) through the Department of Water Resources Office of Water Use
Efficiency online database. The station used was San Luis Obispo station number 52
(35⁰18'22"N, 120⁰39'27"W). This station is located at California Polytechnic State
University and is approximately 3 miles from the AFS.
3.8 Graphical and Statistical Analysis
All data was collected by graduate and undergraduate students and recorded on hard
copies of datasheets. It was subsequently transferred to Microsoft Excel 2007. All data,
graphs, and statistical computations were performed using Microsoft Excel 2007.
3.9 Sludge Accumulation
Sludge accumulation was determined by observing the pond floor and walls after
drainage as part of the inoculation procedure. Paddle wheels were shut off during
drainage. While no sludge was observed on the pond floor (Figure 3.17, Figure 3.18), the
pond walls grew a thick biofilm layer at and below the water surface (Figure 3.19).
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Figure 3.17: Pond 6, post-drainage. No sludge
layer was observed on pond floor.

Figure 3.18: Pond 6 sidewall, post-drainage.
Biofilm on pond wall.

Figure 3.19: Pond 6 drain without standpipe, post-drainage. The
pond floor did not contain a sludge layer.
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4.

Results and Discussion

This section explores the settling performance of HRAPs under different hydraulic
residence times (HRTs) and soluble organic matter loading rates, represented by five-day
soluble carbonaceous biochemical oxygen demand (csBOD5). Additionally, the
dominant algae genera and floc structure of two contrasting ponds are compared in terms
of settling performance. Peripheral data are presented in the appendices and are referred
to throughout this chapter. Lastly, the suitability of Imhoff cones for representing
settleability of continuous-flow tube settlers is investigated.
4.1 Introduction to Settling Performance Study
The goal of this study was to assess how HRT might correlate with settling performance.
The three principal variables considered were the HRT, F/M ratio, and csBOD5 loading
rate, which were strongly co-correlated. Each triplicate set of ponds was operated at a
different HRT, and consequently a different F/M ratio and csBOD5 loading rate (Table
4.1).
4.1.1. Review of Nomenclature and Measurements
Henceforth, initial TSS will refer to the TSS concentration of the HRAP pond water. In
Figure 4.2, Figure 4.3, and Figure 4.4, initial estimates refer to initial TSS estimates
based on beaker photos; initial grabs refer to grab samples beginning on March 6, 2013.
2-hour TSS will refer to the TSS concentration of Imhoff cone supernatant after 2 hours
of settling; 24-hour TSS will refer to the TSS concentration of Imhoff cone supernatant
after 24 hours of settling; tube settler TSS will refer to the TSS concentration of grab
samples from tube settler effluent. As mentioned in Section 3.2.1, Alpha set will refer to
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Ponds 1, 2, and 3; Beta set will refer to Ponds 4, 5, and 6; Gamma set will refer to Ponds
7, 8, and, 9.
As described in Section 3.6.4, the csBOD5 is a measurement of the carbonaceous-soluble
biochemical oxygen demand after 5 days of incubation (APHA Method 5210 A and B).
Carbonaceous-soluble BOD5 is meant to represent dissolved, easily oxidized, organic
material. Because the Alpha set followed the the Beta set in series, the Alpha ponds
received very low csBOD5 loading compared to Beta and Gamma ponds (Figure 3.3).
The Beta and Gamma sets both received the same quality influent but at different flow
rates and therefore different csBOD5 loading rates (Table 4.1).
4.1.2 Statistical Presentation of Data
Throughout this chapter, data will be presented as mean value ± standard error. This
reported mean is calculated as follows: (i) the mean of all ponds in each triplicate set was
calculated for each weekly sample event, and (ii) these means were averaged over the
corresponding period of study (Table 4.2) to produce overall mean 2-hour, 24-hour, and
tube settler TSS (Table 4.3). For sample points without replication (Beta and Gamma
csBOD5), standard error was not calculated (Table 4.1). Standard deviation is also stated
periodically to describe overall variance of individual measurements. Settling
performance time series graphs of individual ponds are presented in Appendix C.
4.1.3 Period of Study for Each Measurement
The periods of study for all relevant measurements and sample sites is shown in Table
4.2. Due to non-representative sampling by the composite samplers, initial TSS
concentrations are based on visual estimates made using routine standardized
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photographs of grab samples from the ponds. The estimated were made using a
photograph-TSS comparison chart developed in March 2013. The beaker photographs
and the visual estimates were made for the period August 15, 2012 - February 13, 2013.
These pond initial TSS values are not measured data and should be used for comparison
purposes only. It was assumed that 2-hour, 24-hour, and tube settler TSS measurements
are accurate and the only compromised measurement is the pond initial TSS
concentrations. Data supporting this assumption is described in Appendix B. No
composite sampling suspended solids data are presented anywhere in this thesis.
It should be noted that data from March 6, 2013 through April 11, 2013 were grab
samples rather than composite samples. This change was administered because of the
findings related to composite sample accuracy (Appendix A). Additional information on
the schedule of operating conditions and dates of occasional grab samples can be found in
Appendix E.

Table 4.1: Average csBOD5 loading rates for each pond set. The total number of samples is the
sum of samples for each triplicate set. Beta and Gamma ponds received the same influent
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Table 4.2: Period of study for each measurement.

4.2 Settling Performance
Sections 4.2.1, 4.2.2, and 4.2.3 will present time series of settling performance for the
Alpha, Beta, and Gamma sets, consecutively. The goal of all ponds is to maintain
consistent supernatant quality of less than 40 mg/L. The 2-hour, 24-hour and tube settler
TSS will be evaluated based on this criterion.

Table 4.3: Average measurements of 2-hour, 24-hour, and tube settler TSS. The total number of
samples is the sum of samples for each triplicate set. Note: the period of study for tube settler TSS is
different from 2 and 24-hour TSS. See Appendix F for data with matching periods of study.
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An overview of settling data can be seen in Table 4.3. The Alpha set consistently
demonstrated the highest 2-hour, 24-hour, and tube settler TSS values, indicating
relatively poor settling performance. The Beta set displayed slightly lower TSS than the
Gamma set in the Imhoff cone measurements with 2 and 24-hour TSS values of 33.8 ±
8.5 mg/L and 15.8 ± 6.4 mg/L, respectively. Gamma set achieved the lowest tube settler
TSS with an average value of 27.9 ± 9.2 mg/L.

TSS (mg/L)

80

Tube
Settler
TSS
2‐Hour
TSS
24‐Hour
TSS

40

0
4‐day HRT

3‐day HRT

2‐day HRT

Figure 4.1: Average 2-hour, 24-hour, and tube settler TSS for each triplicate pond set. Error
bars represent standard error.

4.2.1 Settling Performance: Alpha Ponds
Figure 4.2 shows a time series of settling for the Alpha set. The Alpha ponds were run on
a 4-day HRT and received an average loading rate of 1.5 ± 0.4 g csBOD5/day-m3 (Table
4.1). As mentioned previously, this loading rate is substantially lower than the other sets.
The average 2-hour TSS was 51.0 ± 14.1 mg/L and the average tube settler TSS was 66.0
± 11.0 mg/L (Table 4.3). Thus, the Alpha ponds did not perform satisfactorily according
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to the aforementioned settling criterion of <40 mg/L TSS. Consequently, it can be
inferred that a 2-hour settling period is not long enough to exhibit desirable settling.
Additionally, the tube settler OFR of 9.4 L/m2-min with 6 inches of settling distance was
also too high for effective separation (Table 3.2).
The 24-hour TSS averaged 24.4 ± 10.4 mg/L and thus exhibited the best settling of the
Alpha set. Notably, all 24-hour TSS values were less than 40 mg/L from May 30, 2012
through January 23, 2013. However, the standard deviation for the 24-hour TSS was 18
mg/L, suggesting that good settling performance is not entirely consistent. Figure 4.3
below shows a September 5, 2012 image of Alpha ponds after 8.5 hours of settling.
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Figure 4.2: Alpha ponds settling performance. Each point is the mean of data from
Ponds 1, 2, and 3 for that date. The Initial Grabs are grab samples from March 6,
2013 through April 11, 2013.
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Figure 4.3: Alpha set Imhoff cone image (8.5 hours
settling time) taken September 5, 2012. On this date, the
2-hour TSS was 42.0, 12.0, and 43.0 mg/L for Ponds 1, 2,
and 3, respectively.

4.2.2 Settling Performance: Beta Ponds
Figure 4.4 shows a time series of the Beta set. The Beta set was run on a 3-day HRT and
a mean soluble organic loading rate of 24.3 ± 4.1 g csBOD5/day-m3 (Table 4.1). The
average 2-hour TSS was 33.8 ± 8.5 mg/L (Table 4.3), thus averaging under the goal of 40
mg/L TSS. However, the 2-hour TSS standard deviation was 14.8 mg/L, demonstrating
inconsistencies in settling performance. The average tube settler TSS was 49.4 ± 13.5
mg/L (Table 4.3). This high value was most likely the result of a high tube settler OFR
compared to the Alpha and Gamma ponds (Table 3.2). This high flow rate was
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implemented in order to maintain a 4-day HRT in the Alpha ponds. Consequently, this
allowed less time for the algae to settle and a higher concentration of unsettled algae.
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Figure 4.4: Beta ponds settling performance. Each point is the mean of data from Ponds 4,
5, and 6 for that date. The Initial Grabs are grab samples from March 6, 2013 through
April 11, 2013.

The 24-hour TSS demonstrated a mean value of 15.8 ± 6.4 mg/L (Table 4.3). Values
were consistently below 40 mg/L from March 28, 2012 through April 11, 2013 (Figure
4.4 The 24-hour TSS exceeded 40 mg/L on only two occasions: 47 mg/L on February
15, 2012 and 44 mg/L on February 20, 2012. Thus, at a 3-day HRT and average csBOD5
loading rate of 24.2 ± 4.1 g/day-m3, 24 hours of settling time is adequate to achieve the
goal of less than 40 mg/L TSS. Furthermore, the standard deviation was 11.0 mg/L,
showing year-round consistency in performance. Figure 4.5 shows the Beta set after 6
hours of settling on September 12, 2012.
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Figure 4.5: Beta set Imhoff cone image (6 hours settling
time) from September 12, 2013. On this date, the 2-hour
TSS was 14.0, 15.0, and 14.0 for Ponds 4, 5, and 6,
respectively.

4.2.3 Settling Performance: Gamma Ponds
Figure 4.6 shows a time series of the Gamma set. Ponds in the Gamma set were operated
on a 2-day HRT at an average soluble organic loading rate of 35.6 ± 6.1 g/day-m3 (Table
4.1). The mean 2-hour TSS was 35.4 ± 7.7 mg/L. Similar to the Beta set, the Gamma
ponds can reach satisfactory settling performance at a 2-hour settling period, but with
occasional excesses of 40 mg/L TSS. Notably, the standard deviation for the 2-hour TSS
was 13.4 mg/L, thus revealing that excess of the settling criterion occurred somewhat
frequently (Table 4.3).
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The mean tube settler TSS was 27.9 ± 9.2 mg/L (Table 4.3). These are the only tube
settler values that averaged less than 40 mg/L TSS. Although the standard deviation
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Figure 4.6: Gamma ponds settling performance. Each point is the mean of data from
Ponds 7, 8, and 9 for that date. The Initial Grabs are grab samples from March 6, 2013
through April 11, 2013.

was 16.0, suggesting occasional excesses of 40.0 mg/L TSS, visual inspection of Figure
4.6 reveals that tube settler measurements exceeded the settling criterion only five times
throughout the time series on seemingly random dates. This may have been due to the
collection of floating algae during sampling, which would be removed in a full-scale
application. Therefore, it may be concluded that our ponds running at a 2-day HRT could
reliably meet the settling goal of less than 40 mg/L TSS over the nine month period of
study.

42

Figure 4.7: Gamma set Imhoff cone image (6 hours
settling time) taken September 12, 2013. On this date,
the 2-hour TSS was 26.0, 31.0 and 75.0 in Ponds 7, 8,
and 9, respectively.

The 24-hour TSS exhibited an average settling value of 16.0 ± 9.2 mg/L (Table 4.3).
This was well under the goal of 40 mg/L TSS. Furthermore, the 24-hour TSS of the
Gamma set exceeded 40 mg/L very slightly and only on two occasions: 42 mg/L on
February 1, 2012 and 44 mg/L on September 26, 2012. Even so, these excesses may
have been a consequence of collecting floating algae during sampling (Figure 4.7). It can
therefore be inferred that at the Gamma set's mean soluble organic loading rate of 35.6 ±
10.5 g/day-m3 and a 2-day HRT, reliable settling occurred within 24 hours of quiescent
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settling. Figure 4.7 shows the Gamma ponds after 6 hours of settling on September 12,
2012.

4.2.4 Food to Microorganism Ratio and Settling Performance
This section will detail the relationship between food to microorganism (F/M) ratio and
settling performance. The mean F/M ratio was 0.0075 ± 0.0016 day-1 for the Alpha
ponds, 0.13 ± 0.021 day-1 for the Beta ponds, and 0.21 ± 0.042 day-1 for the Gamma
ponds (Table 4.4). When plotted with 2-hour TSS, there is a general trend of decreased
2-hour TSS with increased F/M ratio (Figure 4.8, Figure 4.9).
The F/M ratio is a measurement typically used as an activated sludge process parameter
that tells the operator how much BOD is available per mass of solids (Metcalf & Eddy).
Furthermore, the settling efficiency of activated sludge is known to vary depending on
the F/M ratio. In a completely mixed activated sludge (CMAS) system with activated
sludge recycle, increased sludge age results in better settling conditions because the type
of extracellular polymers produced during endogenous decay promote bioflocculation
(Liao et al., 2001, Sponza, 2003, Badireddy et al., 2010). Additionally, the sludge age
can be controlled by adjusting the solids residence time (SRT) in a CMAS system. Older
sludge ages (20-25 days), and thus lower F/M ratios, typically promote better settling
performance (Gutzeit et al., 2004). The results of this thesis do not agree with these
established activated sludge concepts, because the HRAP settling performance improved
with increasing F/M ratio (Liao et al., 2001, Sponza, 2003, Badireddy et al, 2010).
However, the HRAPs display similar F/M ratios compared to typical CMAS values
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(Metcalf & Eddy) (Table 4.5). The difference in settling trends, however, may be
attributed to older sludge age in CMAS systems; typical CMAS SRTs range from 3 - 15
days, whereas the HRAPs' SRT is the same as their HRT (4, 3, or 2 days for Alpha, Beta,
and Gamma, respectively.) Both bacteria and algae are known to produce floc-forming
EPS during later growth stages (Medina et al., 1972, Badireddy et al., 2010), and the
HRAPs are operated under relatively short SRTs.
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Figure 4.8: The 2-hour TSS vs F/M ratio trendline. Data is from all ponds, March 6,
2013 through April 11, 2013. The equation of the regression line is y = -132.59x + 57.455,
and the R² = 0.2375.
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Figure 4.9: Mean 2-hour TSS vs F/M ratio by pond set. Data are grab samples from all
ponds, March 6, 2013 to April 11, 2013.

Table 4.4: F/M Ratios of Alpha, Beta, and Gamma sets.
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Table 4.5: HRAP F/M ratios compared to CMAS F/M ratios (Metcalf & Eddy).
VSS and total BOD were used only in this table only for the purpose of making
comparisons to published data. Alpha data is not included because only
csBOD5, not BOD5, was measured for the Alpha set. Source for CMAS values:
Metcalf & Eddy.

*Units for Alpha set's F/M ratio are g csBOD5 / g VSS-day, not g BOD5 / g VSS-day.

The F/M ratio is also significant because it influences the relative abundance of protozoa,
which are indicative of good settling conditions. Whereas moderate F/M ratios provide
optimum conditions that promote the growth of organisms such as rotifers, stalked
ciliates, free-swimming ciliates, flagellates, and other amoeboids, high F/M ratios provide
growth conditions that are favored by slow-settling filamentous organisms (Metcalf &
Eddy). Additionally, low F/M ratios are associated with the formation of slow-settling
pin flocs (Metcalf & Eddy). Figure 4.10 illustrates the relative abundance of activated
sludge protozoa for a range of F/M ratios and SRTs. Figure 4.11 shows a micrograph of
an algae floc; the clear matter around the periphery of the floc is primarily made up of
rotifers, stalked ciliates, and EPS.
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Figure 4.10: Relative predominance of microorganisms versus F/M ratio and SRT. Source: Metcalf
and Eddy.

Figure 4.11: Algae floc with visible rotifers and stalked ciliates.
Micrograph scale at bottom right reads 204.22 µm.
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4.2.4 Soluble Organic Loading Effect on Settling Performance
When soluble organic load is plotted against 2-hour TSS, no significant correlation exists
(R2 = 0.07) among the three sets (Figure 4.12). This may be due to the inconsistent
nature of the csBOD5 loading. Because the concentration of influent BOD fluctuates
from week to week, any biological influence on settling may not reach steady state or
fully develop, and thus the effect of loading on settling is not detectable. Additionally,
the soluble organic loading to the Beta and Gamma sets overlaps substantially, rendering
any settling differences indiscernible. The Alpha set, which operated under a much lower
loading rate than the other pond sets, displayed a higher mean 2-hour TSS (51 ± 14.1
mg/L) and displayed a wide range of settling behavior (standard deviation of 19.1 mg/L)
(Table 4.3). It may be of interest to increase the difference between loading rates used in
future studies. Nevertheless, there is a general trend of lower residual TSS in the Gamma
and Beta range of influent csBOD5 loading rate compared to Alpha's influent csBOD5
loading rate.
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Figure 4.12: Relationship between soluble organic loading rate and 2-hour TSS. Data is
from all ponds, July 11, 2012 through April 11, 2013.
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4.2.5 Algal Genera, Floc Structure, and Settling Performance
This section will compare the dominant species, floc structure, and settling performance
of Pond 1 and Pond 9. Both ponds began with tight, green algae flocs and an abundance
of stalked ciliates, rotifers, and other protozoa that indicate good-settling behavior.
However, by February 2013, Pond 1 was settling poorly and contained small, loosely
connected flocs. During the same period, Pond 9 developed a significant diatom bloom
(Cyclotella sp.) and an increase of filamentous algae while exhibiting exceptional settling
behavior. Additionally, these two ponds were subjected to different seasonal operating
conditions (Table 4.6).
Beginning in June 2012, Pond 1 was regularly exhibiting 24-hour TSS of less than 40
mg/L (Figure 4.2). Individual algae cells were forming into tight, densely packed
aggregates with extracellular polymers and protozoa visually populating the periphery of
the floc (Figure 4.13). Dominant genera in Pond 1 included Chlorella sp. and
Scenedesmus sp., however Micratinium sp., Nitzschia sp., and Chlamydomonas sp. were
regularly observed as well (Figure 4.14). The mean 2-hour TSS for Pond 1 was 58.2 ±
26.1 mg/L during the summer months (Appendix D). Settling performance degraded
significantly during the transition from summer to winter, however, during which the 2hour TSS increased to 75.0 ± 23.3 mg/L (Appendix D). Although bioflocculation was
achieved during the winter, the dense floc structure observed previously had degraded
and clear polymeric material and protozoa were visible within the floc rather around the
periphery (Figure 4.15). Diatoms such as Nitzschia sp. and Cycotella sp. became more
prominent and coexisted with Micratinium sp., Scenedesmus sp., and Chlorella sp.
Moreover, filamentous algae species, notably Stigeoclonium sp., became prominent as
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well. No significant dominance of a single algae species occurred. Rather, many species
were competing for dominance at the same time (Figure 4.16).

Figure 4.13: Summertime photomicrograph (100x) of an algae floc from Pond
1 during good settling performance. Image was taken on July 12, 2012.
Micrograph scale at bottom right reads 203.57 µm.

Figure 4.14: Summertime photomicrograph (1000x) of an algae floc from Pond
1 during good settling performance. Noticeable genera include Micratinium
sp., Chlorella sp., and Scenedesmus sp. Image was taken on August 2, 2012.
Micrograph scale at bottom right reads 10 µm.
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Figure 4.15: Wintertime photomicrograph (100x) of an algae floc from Pond 1
during poor settling performance. Image was taken on Feb. 5, 2013.
Micrograph scale reads 100 µm.

Figure 4.16: Wintertime photomicrograph (1000x) of an algae floc from Pond 1
during poor settling performance. Noticeable genera include Micratinium sp.,
Stigeoclonium sp., and Scenedesmus sp., and Cyclotella sp. Image was taken Jan
29, 2013. Micrograph scale at bottom right reads 10 µm.
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Pond 9 exhibited significant changes in species dominance while maintaining consistent
settling performance. The 2-hour TSS averaged 36.5 ± 15.8 mg/L during the summer
and 36.3 ± 10.4 in the winter, suggesting minimal seasonal differences in settling
(Appendix D). Throughout the July and August of 2012, algae flocs were dense and
interconnected via a network of filaments, polymeric substances, and protozoa Figure
4.17). During the summer, the fast-growing Chlorella sp. was the dominant genera, while
Scenedesmus sp., Nitzia sp., and Cyclotella sp. were also present (Figure 4.18).
Spherical, round algae cells were very prevalent in the center of the aggregates but were
unidentifiable under the microscope due to the density of the floc. By the beginnging of
October, Cyclotella sp. had become the dominant species in the pond and was heavily
prevalent in and around the algae flocs. Additionally, Cladophora sp., a filamentous
algae, became prominent shortly thereafter. Visual inspection of the photomicrographs
reveals Cyclotella sp. loosely imbedded within the algae aggregates (Figure 4.19, Figure
4.20) and filaments (Figure 4.22). In some cases, extracellular polymer and protozoa are
visible within and around the periphery of the floc, although the visibility of the polymers
may be dependent on which light phase was used during microscopy (Figure 4.19).
It is widely know that diatom aggregates settle as marine snow in their natural aquatic
environments (Alldredge and Gotschalk, 1988, Alldredge and Gotschalk, 1989, Konno,
1993). Consequently, it may be postulated that good settling was contingent on the
sequential blooms of Cyclotella sp. and Cladophora sp. that occured in the fall. The
Cyclotella sp. bloom was first observed on October 2, 2012 (Figure 4.20) and the
Cladophora bloom was first observed on November 13, 2012 (Figure 4.21). It should be
noted that the Cladophora sp. bloom was not as uniquely prominent as the Cyclotella sp.
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bloom, but significant increases in the presence of Cladophora sp. filaments were
observed. Visual inspection of the photomicrograhps reveals Cyclotella sp. completely
embedded within the filamentous algae flocs. It is postulated that these filaments, which
were often observed to float rather than sink, were weighed down by the dense diatoms.
This created a "sinking mat" that entrapped straggler flocs and consequently contributed
to low residual TSS values. Interestlingly, higher F/M ratios in activated sludge are also
known to promote an excess of filamentous bacteria, which is indicative of poor settling
(Metcalf & Eddy). In order to ascertain whether or not these assertions are accurate,
further study needs to be performed. This may include inoculating another pond with the
same culture and measuring settleability. Additionally, it may be of interest to subject
another pond or set of ponds to the same conditions as Pond 9 (Table 4.6) and compare
the seasonal development of algae genera, floc structure, and settling behavior.

Figure 4.17: Summertime photomicrograph (100x) of an algae floc from Pond 9
during good settling performance. Flocs are interconnected within a network of
filaments, protozoa, and extracellular polymers. Image was taken on July 19,
2012. Micrograph scale at bottom right reads 100 µm.
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Figure 4.18: Summertime photomicrograph (1000x) of an algae floc from Pond 9
during good settling performance. Visible species include Chlorella sp. and
Nitzschia sp. Image was taken on June 21, 2012. Micrograph scales are 49.63 µm
and 20.52 µm, top to bottom.

Figure 4.19: Wintertime photomicrograph (100x) of an algae floc from Pond 9
during good settling performance. Cyclotella sp. is dominant within the aggregate.
Extracellular polymer and protozoa are visible within and around the floc. Image
was taken on January 30, 2013. Micrograph scale is 200 µm.

55

Figure 4.20: Pond 9 photomicrograph (100x) during the Cyclotella sp. bloom.
Image was taken on October 9, 2012. Micrograph scale at bottom right reads 100
µm.

Figure 4.21: Pond 9 photomicrograph (100x) during the Cladophora sp. bloom.
Image was taken on Nov. 13, 2012. Micrograph scale at bottom right reads 100
µm.
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Figure 4.22: Wintertime photomicrograph (100x) of an algae floc from Pond 9
during good settling performance. Cyclotella sp. is noticeably embedded
within the filaments and other aggregated material. Image is from Feb. 20,
2013. Micrograph scale at bottom right reads 100 µm.
Table 4.6: Environmental and operational variables for Pond 1 and Pond
9. Summer data was averaged from April - October, and winter data was
averaged from November - March.
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4.2.6 Discussion of Settling Performance
Based on these results, the Alpha set required 24 hours of settling to meet an effluent TSS
of 40 mg/L. The Beta set met this criterion after both 2 and 24 hours of settling, but not
in the tube settler effluent, although this was most likely due to the high OFR in the Beta
tube settlers. Lastly, Gamma set averaged less than 40 mg/L TSS in all three settling
measurements.
The difference in settling performance among the three ponds showed a significant
relationship to the F/M ratio of the ponds: as the F/M ratio increases, the residual TSS
generally decreased. These results are consistent with previous research that suggests
increased organic loading and short HRTs contribute to an increase in EPS (Nelson et al.,
1996, Medina and Neis, 2007). Medina and Neis (2007) found that better settling
performance occurs at short HRTs (2.7 days) in mixed algae-bacteria cultures. The
comparatively low loading rate in the Alpha set could have contributed to lower EPS
concentrations and therefore higher concentrations of unsettled algae (Pavoni et al., 1972,
Nurdogan, 1988, Liao et al., 2002, Lee et al., 2009). Although EPS was not measured
during this study, the relationship between EPS concentration and settling performance of
outdoor, mixed algae-bacteria cultures is a valid topic for further research. Nevertheless,
F/M ratio, and related HRT and soluble organic loading rate, could potentially be
important operating parameters for controlling the settling performance of wastewater fed
HRAPs.
The different HRTs in each triplicate set may have played a significant role in
determining species dominance, since slow-growing species will be washed out at short
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HRTs. Chlorella sp., which has a relatively fast growth rate (Nurdogan 1988), was
dominant in both Pond 1 and Pond 9 during the summer and lost its ability to outcompete other genera during the low light conditions of winter. Cyclotella sp. favors
waters with high levels of silicates and has the potential to grow well in a range of water
temperatures and solar irradiances (Shafik et al., 1997). This versatility could explain its
dominance in Pond 9 during the fall and winter. In general, the Beta and Gamma sets
contained microbial communities that thrive in conditions characteristic of higher loading
rates and shorter HRTs. Although the Alpha set contained similar algae genera, there
was no dominance of a single genera during the winter. This may be attributed to the
Alpha set's low organic loading rate; there was not enough carbon in the water to produce
an adequate amount of EPS. Additionally, the lower amount of solar radiation in the
winter may serve to lower EPS production as well. Although studies have shown that
nutrient limitation can promote the excretion of EPS, the Alpha ponds may not have been
stressed enough to do so.

4.3 Relationship Between Imhoff Cone and Tube Settler Performance
The section will evaluate the ability of Imhoff cones to accurately predict continuousflow tube settler performance. In addition, the tube settler overflow rates (OFRs) will be
compared typical secondary clarifier overflow rates.
4.3.1 Imhoff Cone and Tube Settler Correlations
Although Imhoff cones are useful tools for observing the settleability of HRAP effluent,
full-scale systems would require continuous-flow clarification. To determine the ability
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of Imhoff cones to accurately predict tube settler TSS, 2-hour TSS values were plotted
against tube settler TSS values for each set. Figure 4.23, Figure 4.24, and Figure 4.25
show the graphs correlating 2-hour TSS with tube settler TSS for the Alpha, Beta, and
Gamma sets, respectively.
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Figure 4.23: Relationship between Alpha 2-hour TSS and tube settler TSS. The slope of
the regressions line is 0.5085 and the R2 = 0.378. Sample dates are from July 5, 2012
through April 22, 2013. Each point is the mean of data from Ponds 1, 2, and 3 for that
date.
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Figure 4.24: Relationship between Beta 2-hour TSS and tube settler TSS. The slope of the
regression line is 0.8062 and the R2 = .1812. Sample dates are from July 5, 2012 through
April 22, 2013. Each point is the mean of data from Ponds 4, 5, and 6 for that date.
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Figure 4.25: Relationship between Gamma 2-hour TSS and tube settler TSS. The slope of the
regression line is 0.2238 and the R2 = 0.0263. Sample dates are from July 11, 2012 through
April 22, 2013. Each point is the mean of data from Ponds 7, 8, and 9 for that date.
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The relationship is the strongest in the Alpha ponds (R2 =0.378), while the weakest
relationship is in the Gamma ponds (R2 =0.0263). Alpha likely had the strongest
correlation because its concentration of unsettled biomass was more constant due to poor
settleability (Figure 4.23). Furthermore, the Beta and Gamma tube settler effluent was
prone to more inconsistencies than the Alpha set because of more algae growth and resuspension in the tube settlers. For instance, light penetration through the top of the tube
settlers caused photosynthesis, contributing to re-suspension of algae as it attached to O2
gas bubbles. Additionally, the sludge layer at the bottom of the tube settlers may have
become anaerobic within 2-3 days. This would have caused denitrification, causing N2
bubbles to adhere to algae cells re-suspend. Lastly, the diffuser plate, which distributes
flow and is located near the top of each tube settler, harbored the growth of algae on its
surface. These algae would have sloughed off and contributed to increased variability in
the tube settler TSS measurements. Each of these sources of inconsistency may be
mitigated by installing a weir near the top of each tube settler to catch floating algae. The
Alpha tube settlers were less prone to these inconsistencies because algae growth was
more limited due to low a concentration of nutrients in pond effluent.
4.3.2 Comparison to Activated Sludge Overflow Rates
The overflow rates for the tube settlers were near the range of typical secondary clarifiers
(Table 4.7) (Metcalf & Eddy). Because the settling distance in the tube settlers is only
six inches, they can be operated at much higher overflow rates than conventional
clarifiers (Nurdogan and Oswald, 1996). The high tube settler TSS displayed by the Beta
was most likely a result of being operated on a high flow rate. Considering that the Beta
and Gamma sets averaged similar 2-hour and 24-hour TSS values, it is reasonable to
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assume that, under the same flow rate, the Beta set would have averaged a tube settler
TSS of less than 40 mg/L. Nevertheless, manipulating the tube settler flow rates to
optimize settling ability will be of value to future research.

Table 4.7: AFS tube settler OFRs compared to
typical secondary clarifier OFRs. (Source: Metcalf
and Eddy).
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5. Conclusions
This section provides the major conclusions related to the settleability of polycultures of
microalgae treating municipal wastewater in outdoor HRAPs. It is the intent of this
thesis that these findings will contribute to the development of reliable, low-cost algae
harvesting methods.
In review, the following relationships have been studied:
1. How do different HRTs, organic loading rates, and F/M ratios affect settling
performance?
2. How do different HRTs, organic loading rates, and F/M ratios affect dominant algae
genera and floc structure?
3. Are Imhoff cones tests accurate estimates of continuous flow tube settlers?
5.1 Experimental Conclusions
The following conclusions, corresponding to the above questions, are based on the
operation of HRAPs operated at 2-, 3-, or 4-day HRT, each with a different organic
loading rate. The data from these three types of pond operation allow for a limited
comparison and conclusions.
1. The settling performance was best in ponds with short HRTs (2-3 days) and organic
loading rates of 24 - 36 g csBOD5/day-m3. The F/M ratio followed the same trend, with
the best settling occurring at F/M ratios of 0.13 - 0.21 g csBOD5 / g TSS - day. Ponds
operating on 2 - 3 day HRTs produce good settling cultures, with a mean residual TSS of
33 - 36 mg/L after 2 hours settling time.
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2. The dominant algae genera and floc structure in Pond 1 (4-day HRT) and Pond 9 (2-d
HRT) were analyzed and compared. During the summer when productivity was high,
both ponds demonstrated dense floc structure and dominance of only 1 - 2 algae genera.
During the winter when productivity was low, Pond 1 algae showed degrading floc
structure and no single predominant genus. Consequently, the Pond 1 2-hour and tube
settler TSS averaged above 40 mg/L. Meanwhile, Pond 9 maintained the dominance of 1
- 2 genera year-round, although the dominant genera changed near the beginning of
October. It is postulated that at short HRTs and high organic loading rates, settling
performance is not affected by species dominance. However, at low loading rates and
longer HRTs, the settling performance may be influenced by the settling ability of
dominant microalgae genera.
3. For the 4-day HRT Alpha ponds, a correlation (R2 =0.38) was found between TSS
concentrations in Imhoff cone supernatant following 2 hours of settling and in the
effluent of tube settlers with a 9.4 L/min-m2 OFR. For the more heavily loaded Beta and
Gamma ponds, this correlation was poor, probably due to floating scum in the tube
settlers.

5.2 Limitations of Study
Limitations of this study are as follows:
1. The HRT and organic loading variables were not studied independently because
unmodified wastewater was used.
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2. The Beta and Gamma tube settlers did not perform at their best due to scum carry-over
into the effluent.
3. The influence of bacteria on algae flocculation was not studied specifically.
4. The microorganisms present were not identified genetically. However, preliminary
community sequencing results on one sample from each pond are pending.
5. The loss of pond suspended solids data due to composite sampling error prevented
reliable assessment of the mass harvested.
5.3 Further Research
More research is needed to expand on and potentially solidify the conclusions of this
thesis. Some needs are as follows:
1. Installing a continuous-flow sludge recycling system to stabilize species dominance
and select for algae genera that settle naturally. Sludge recycling will also add another
operational control on F/M ratio.
2. Mixing pond culture with activated sludge may facilitate algae incorporation into
activated sludge flocs thereby promoting settling and possibly treatment. This approach
has been successful for treating conventional pond effluent at full-scale in the PETRO
process (Shipin et al., 1999).
3. Correlating presence of grazers and protozoa with settling performance.
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4. In general, most studies related to the settling performance of algae-bacteria cultures
has been done at the lab scale. More research is needed related to optimizing the settling
performance on outdoor, polyculture HRAPs.
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Appendix A.
This appendix will present a series of solids balances dating from December 12, 2012
through February 28, 2013. Samples were taken from the HRAP pond water, tube settler
influent, standpipe, and composite samplers, and TSS was performed on all samples. In
some cases, 2-hour TSS was performed as well.
These experiments were deemed necessary because nutrient balances and high biomass
concentrations suggested that the HRAPs were not operating at steady state. First,
nutrient imbalances suggested that biomass was accumulating in the ponds (Rodrigues,
M.N., 2013). The nutrient imbalances were originally attributed to the addition of duck
fecal matter to the ponds (the neighboring SLOWRF clarifier contained a year-round
population of ducks, many of which were regularly observed in the HRAPs). In
response, netting was installed on each HRAP and the nutrient balances improved
slightly (Rodrigues, M.N., 2013). However, the concentration of biomass continued to be
unusually high during the winter months, especially in the Gamma set. This was
originally thought to be caused by the standpipe; it was hypothesized that the standpipe
was acting as a weir and preventing fast-settling algae from leaving the pond, resulting in
solids accumulation. However, grab samples measured much lower in TSS than
composite samples. This suggested that solids accumulation was not the only reason TSS
was unusually high; the composite samplers may have been collecting a disproportionate
amount of biomass. To test these assertions, a series of sampling events measuring the
TSS of pond water, tube settler influent, standpipe overflow, and composite samples were
performed.
As mentioned above, it was originally thought that the high TSS concentrations in the
ponds were caused by the standpipe. To test this assertion, grab samples were performed
in Pond 8 on December 12, 2012 for the purpose of formulating a TSS balance (Figure
A.1). Pond 8 was chosen because it was representative of the Gamma set, which was
hypothesized to have the most pronounced solids accumulation. The mean standpipe
TSS was 159 mg/L, while the mean pond water TSS was 233 mg/L (Table A.1). It
should be noted that on December 12, 2012, the Pond 8 composite sample was not run
over 24 hours; rather, the sample was as a single, 1-gallon sample through the composite
sampler. All other composite samples were performed over 24 hours.
New standpipes were constructed with small orifices about 3 inches below the water
surface through which the water exited the ponds. On January 27, 2013, a new round of
TSS analysis was performed comparing the "weir" and "submerged orifice" standpipe
designs (Table A.2, Figure A.2). On February 17, 2013, a third comprehensive study was
performed comparing the standpipe pond TSS of all ponds, with one pond in each set
using the weir standpipe and the others using an orifice standpipe (Table A.3, Figure A.3,
Figure A.4, Figure A.3). Also, Pond 1 and Pond 8 were both sampled in the following
locations: the pond (morning, afternoon, following morning), standpipe, tube settler, and
the composite sampler. TSS was also performed on the composite sample. Lastly, on
Feb 28, 2013, a follow up study of composite and grab samples was performed on Pond 1
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and Pond 9 to provide a comparison between a colloidal pond (Pond 1) and a dense,
flocculating pond (Pond 9).

Table A.1: Pond 8 TSS measurements, December 12, 2012. The
composite samples for this date were collected at one time, not
over 24 hours.

400.0

TSS (mg/L)

300.0

200.0

100.0

0.0
Pond

Tube Settler

Composite

Standpipe

Figure A.1: Pond 8 TSS balance, December 12, 2012. Error bars represent one standard deviation.
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Table A.3: Comparison of weir and orifice standpipes, Feb 27, 2013. One pond in each
triplicateTable
set had
a weir
standpipe
a control,
whilestandpipe
two ponds
in eachJan
triplicate
set had an
A.2:
Comparison
ofas
weir
and orifice
designs,
27,
orifice standpipe.
2013. Pond 3, 6, and 9 had weir standpipes and Pond 8 had an orifice
standpipe.

400.0

Pond

350.0

Tube
Settler

TSS (mg/L)

300.0

Standpipe

250.0
200.0
150.0
100.0
50.0
0.0
Pond 3: Weir SP

Pond 6: Weir SP

Pond 9: Weir SP

Figure A.2: Pond 3, 6, and 9 TSS balance, Jan 27, 2013. Error bars are one standard
deviation.
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TSS (mg/L)
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100
50
0
Pond 1

Pond 4

Pond 9

Figure A.3: TSS balance of ponds with weir standpipe, Feb 27, 2013. Error bars
are one standard deviation.
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Figure A.4: TSS balance of ponds with orifice standpipe, Feb 27, 2013. Error bars
are one standard deviation.

77

On the February 17, 2013 sampling event, TSS was measured at several locations in Pond
1 and Pond 8 (Table A.4). Grab AM 1 was taken at 8 am on the first morning (at the time
of the 24-hour composite sample initiation), Grab PM was sampled at 5 pm the same
night, and Grab AM 2 was sampled the following morning at 8 am (at the end of the 24hour composite sample). Pond 1 was considered to be a colloidal, slow-settling pond
(Figure A.5) while Pond 8 was considered to be a flocculated, fast-settling pond (Figure
A.6).

Table A.4: Pond 1 and Pond 8 TSS balance, Feb 17, 2013.

300

TSS (mg/L)

200

100

0
Composite 2 Hr Settled Grab AM 1

Grab PM

Grab AM 2 Standpipe Tube Settler

Figure A.5: Pond 1 TSS balance, Feb 17, 2013. Error bars represent one standard deviation.
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300
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100
0
Composite 2 Hr Settled Grab AM 1

Grab PM

Grab AM 2

Standpipe

Tube Settler

Figure A.6: Pond 8 TSS balance, Feb 17, 2013. Error bars represent one standard deviation.

A follow up study was subsequently performed on Pond 1 (colloidal) and Pond 9
(flocculated) to further investigate the differences between composite and grab samples.
In general, Pond 8 (Figure A.6) and Pond 9 (Figure A.7) composite samples were much
higher than grab samples, while Pond 1 showed no difference between grab and
composite samples (Figure A.5, Figure A.7).
800

Composite

700

AM 1
PM

600
TSS (mg/L)

AM 2
500
400
300
200
100
0
Pond 1
Pond 9
Figure A.7: Composite and grab sample comparison, Pond 1 and Pond 9, Feb 28, 2013. Error bars
represent one standard deviation. AM 1 refers to morning grab sample, PM refers to afternoon
grab sample, and AM 2 refers to grab sample the following morning.
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Appendix B.
This appendix shows settling time series for each triplicate set with a vertical line
representing the first day of continuous grab samples (March 6, 2013). These graphs
served as the basis for assuming that 2-hour and 24-hour TSS are valid despite composite
sampling inconsistencies.
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Figure B.1: Alpha set settling time series. Vertical line represents the first day of continuous
grab samples (March 6, 2013).
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Figure B.2: Beta set settling time series. Vertical line represents the first day of continuous grab
samples (March 6, 2013).
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Figure B.3: Gamma set settling time series. Vertical line represents the first day of continuous
grab samples (March 6, 2013).
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Appendix C.

This appendix displays settling time series graphs of each individual HRAP.
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Figure C.1: Pond 1 settling time series.
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Figure C.2: Pond 2 settling time series.
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Figure C.3: Pond 3 settling time series.
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Figure C.4: Pond 4 settling time series.
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Figure C.5: Pond 5 settling time series.
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Figure C.6: Pond 6 settling time series.
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Figure C.7: Pond 7 settling time series.
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Figure C.8: Pond 8 settling time series.
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Figure C.9: Pond 9 settling time series.
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Appendix D.
Table C.1: Settling data by season. Data is averaged over the period of study for each
measurement (Table 4.2). Summer is from April - October, winter is from November March.
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Appendix E.
Table D.1: Relevant operations and experiments schedule.
Date

INF
•
•
•
•
•
•
•

P1

P2

P3

P4

Grab Samples
P5
P6 P7

P8

CO2 Aeration
P9 P2 EFF P5 EFF P1 P2 P3

Aeration
P7 P9

2012-04-25
2012-05-02
2012-05-09
2012-05-16
2012-05-23
2012-05-30
2012-06-06
•
•
•
2012-06-13
•
•
•
2012-06-20
•
•
•
2012-06-27
•
•
•
•
2012-07-05
•
•
•
•
2012-07-11
•
•
•
2012-07-18
•
•
•
•
•
2012-07-25
•
•
•
2012-08-01
•
•
•
2012-08-08
•
•
•
2012-08-15
•
•
•
2012-08-22
•
•
•
2012-08-29
•
•
•
2012-09-05
•
•
•
2012-09-12
•
•
•
2012-09-19
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
2012-09-26
•
•
•
2012-10-03
•
•
•
2012-10-10
•
•
•
2012-10-17
•
•
•
2012-10-24
•
•
•
2012-10-31
•
•
•
•
2012-11-07
•
•
•
2012-11-14
•
•
•
2012-11-21
•
•
•
2012-11-28
•
•
•
•
•
2012-12-05
•
•
•
•
•
2012-12-12
•
•
•
•
•
••
••
2012-12-19
•
•
•
••
••
2012-12-26
•
•
•
••
••
2013-01-02
•
•
•
••
••
2013-01-09
•
•
•
••
••
2013-01-16
•
•
•
••
••
2013-01-23
•
•
•
••
••
2013-01-30
•
•
•
•
••
••
2013-02-06
•
•
•
••
••
2013-02-13
•
•
•
••
••
2013-02-20
•
•
•
2013-02-27
•
•
•
2013-03-06
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
2013-03-13
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
2013-03-21
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
2013-03-28
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
2013-04-04
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
2013-04-11
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
2013-04-18
•
•
•
•
•
•
•
2013-04-25
•
•
•
•
•
•
•
In Grab columns "•" is used to denote composite sampling failure, resulting in grab sample of denoted pond at 07:30 on day of analysis.
In CO2 columns "•" is used to denote use of one diffuser
In Aeration columns "•" is used to denote use of one blower, "• •" is used to denote use of two blowers
In Inoculation columns "•" is used to denote a pond was either recently drained or used for inoculation during the noted sample date.
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Inoculation
P5
P6

•

•

•

•

•

•

Appendix F.

Table F.1: Average settling data, July 5, 2012 - April 11, 2013.
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